ABSTRACT: The results of creep and pseudo-creep tests, carried out on the masonry of an ancient structure, are presented and their interpretation by means of a probabilistic model is proposed, based on the definition of a random variable as a significant index ofvulnerability, and on the solution ofthe classic problem ofreliability in stochastic conditions. A comparison between vertical and horizontal strain-rate is put forward and the application ofthe proposed procedure to the Tower ofMonza is attempted. Aim ofthe research is to provide a mathematical model able to predict possible failures ofheavy masonry structures due to long term damage, allowing preventive repair interventions.
INTRODUCTION
The collapse of monumental buildings, which have occurred during the last ten years, enforces the structural analysis for the safety assessment of ancient constructions to take account of specific aspects, that were not traditionally considered relevant.
Among the factors which are peculiar of ancient masonry structures, there are some that require special attention. The material is not continuous, homogeneous, isotropic; the masonry texture (presence of different layers characterised by different stiffness values) strongly influences the stress distribution; the stress state due to the dead load has been acting with very high values for centuries; the dimensions of the structure are often considerable. In particular, the creep behaviour and the creep-fatigue interaction have shown to strongly influence the mechanical behaviour of historic constructions and a continuous damage of their mechanical properties appeared to be caused by long-term heavy loads.
The safety assessment of historic buildings may require to evaluate their vulnerability toward the effects of persistent loading. Since the achievement of a reliable lifetime estimate on a deterministic basis is often very complex, and also given the difficulties of setting up significant testing procedures for studying creep behavior, an attempt has been made for tackling the problem with a probabilistic approach.
In the pape r the results of creep and pseudo-creep tests carried out on the masonry of ancient structures will be presented and their interpretation by means of individuation of an aleatory variable as a significant index ofvulnerability, and to the solution ofthe classic problem ofreliability in stochastic conditions.
EXPERIMENTAL RESULTS
After the collapse of the Civic Tower of Pavia, a Xlth century building suddenly failed in 1989, approximately 100 large blocks of masonry were recovered for testing from the 7000 m 3 of ruins ( Fig. 1 ). Different kinds of uniaxial compressive tests, including monotonic tests, fatigue tests to simulate the effects ofthe wind, tests applying unloading reloading cycles were carried out in addition to geotechnical , physical and chemical tests to find the causes of the collapse. Subsequently, the research focussed on creep and pseudo-creep tests, and to the study of other a probabilistic model will be proposed, aimed to the Figure I . Remains of lhe Civic Tower of Pavia.
ancient towers atfected by crack patterns indicating a great influence of compression stress.
Results of creep tests
Six prisms of dimensions 300 mrn x 300 mrn x 510 mrn coming from the ruins of the Tower of Pavia were tested in compression in controlled conditions of 20 0 e and 50% RH, using hydraulic machines able to keep constant a maximum load of 1000 KN. The dimensions adopted for the prisms were the maximum compatible with the testing machine. The load was applied in subsequent steps, kept constant until either the creep strain reached a constant value or a steady state at relatively low strain-rate was attained. The first stress leveI was chosen between 40% and 50% of the static peak stress ofthe prisms, estimated by sonic tests (Anzani et a!. 2000) . All the test results are reported in Figure 2 .
Comments to the experimental results
From the experimental data, the following aspects may be observed: (i) initial primary creep phase, corresponding to a visco-elastic phase, characterized by reversible strain development at decreasing rate; (ii) development of creep strain depending on the stress leveI, with secondary creep -namely a visco-plastic phase characterized by a steady state, with strain developing at constant rate -showing even at 41 % of the estimated material peak stress and tertiary creep -corresponding to a highly unstable behaviour, characterized by strain developing at increasing rate and definitely ending with the specimen failure -showing at about 70%, (iii) material dilation under severe compressive stress corresponding to high values of the horizontal strain developing before failure, (iv) slow crack propagation for a long time until failure.
In order to apply the probabilistic model to the interpretation ofthese experimental data, for all specimens at the application of any load step the vertical and horizontal strain-rate of the secondary creep phase has been calculated, corresponding to the slope ofthe tangent to the strain versus time diagrams, in the branch where they become constant (the diagrams being linear). Having already studied the vertical strain-rate previously (Anzani et a!. , 2003) , the horizontal strainrate, chosen as the most significant parameter, was then plotted for each test versus the stress value (see starred diagrams in Fig. 6 ).
Results ofpseudo creep test
In addition to long terrn tests that require constant thermo-hygrometric conditions and especially designed testing apparatus, a more rapid and therefore more convenient testing procedure was adopted which demonstrated reasonably suitable to study creep behaviour. Five prisms of dimensions 200 mm x 200 mrn x 350 mm were tested applying the load by subsequent steps corresponding to 0.25 MPa, at a loading rate of2 .5 x 10-3 MPa/sec, and were kept constant for 180min.
Stress versus strain and strain versus time diagrams for both vertical and horizontal directions are reported as an example in Figure 3 for one ofthe prisms tested. Again, the horizontal strain-rate in the secondary creep phase obtained for each specimen at each load step was considered as a significant parameter. 
Comments to the experimental results
As appears from the diagrams, the test procedure allowed obtaining very regular data. As an initial qualitative consideration, it can be observed that the first branch ofthe stress versus strain diagrams may be considered within the elastic range. The corresponding strain versus time diagrams at every load step only show initial elastic strain (at time = O) and primary creep strain. Therefore, the slope of the tangents to the diagrams, corresponding to the strain-rate, tends to O. Subsequently, after reaching a stress levei of about 2.5 MPa, the stress versus strain diagram departs from a pseudo-linearity and gets a downward concavity, which is particularly evident in the case of horizontal strain. The corresponding strain versus time diagrams start to show also secondary creep strain. Again, this is more pronounced in the case of horizontal strain components: at increasing the stress levei 591 the tangents to the diagrams get a slope progressively higher than O. At the last load step tertiary creep strain appears. Here, at constant stress levei, the tangents to the diagrams show an increasing slope until failure is reached. Figures 4 and 5 show the final crack pattern of two prisms respectively tested with the two testing procedures: in both cases vertical and sub-vertical cracks are evident, which correspond to apparent horizontal dilation ofthe material.
A PROBABILISTlC APPROACH TO MODEL THE STRAIN-RATE BEHAVIOUR

The strain-rate versus the stress history
By experimental evidence, the strain evolution connected with a given stress history of a viscous material like a historic masonry can be described through the parameters É; v and h respectively defined as the vertical and horizontal strain-rate taken on the linear branches ofthe strain versus time diagrams shown by the specimen at the stress levei (J, remaining constant for a certain time interval. For each (J the high randomness connected with the changing of strain-rate, due to the high nonhomogeneity of the masonry here tested, brings to consider É; as a random variable with a certain distribution ofvalues (Fig.6) .
The diagrams, referred to the horizontal strain components, show an initial pseudo-constant branch with low values of the strain-rate, followed by a clearly increasing part that ends with the collapse (Anzani et aI. 2003) .
Following this way, the deformation process can be interpreted as a stochastic process of the random variable É; . The strain-rate also depends on the stress levei (J" corresponding to which the deformation is '/1 / recorded. Therefore, for each stress levei a the strainrate E (measured in s/sec) can be modeled wi th a probability density function (p.d.f.)fE(E, a) that results to be dependent on the stress a and on the strain-rate E. The experimental measurements are taken at discrete stress values a * and the p.d.f. fE (E, a) is dependent on the strain-rate E and on a * which is constant at every step. Therefore the modeling of the strain-rate behavior depends only on the random variable E . In order to model fE(E ,a*), at every stress levei a * a fami ly of theoretical distributions has to be chosen. No doubt that, the choice of a distribution modeling a given phenomenon has to be connected to the physical aspects ofthe phenomenon itselfbut also to the characteristics ofthe distribution function in its tail, where often no experimental data can be collected. This last aspect of the matter can be investigated by analyzing the behaviour of the immediate occurrence rate fu nction <PE(E, a*) connected with the chosen distribution function. On this subject more details are described in Binda et a!. (1999) and Garavaglia et a!. (2000) .
The recorded experimental data can show dispersion around the average va lue of E, especially for large values of the strain-rate. As said before, this is probably due to the randomness connected with the high non-homogeneity ofthe masonry studied. The physical knowledge of the phenomenon has shown a relationship between the secondary creep strain-rate and the residual life of the material (Taliercio et a!. 1996 and Anzani et a!. 2000) . In view of the preservation of historie buildings from major damage or even fa ilure, it would be very convenient to indicate a criticai value ofthe strain-rate under which the residuallife of the building is conveniently greater than the required service life. Here a conventional value of E may be assumed as a criticai value indicating a safety limit. Consequently, for a given stress levei a* th e probability to record the criticai strain-rate connected with the secondary creep safety limit increases ifthe strain-rate E increases. Therefore, it seems correct to assume that, at a given stress levei a * the hi gher is the strain-rate, the higher is the probabi lity that the secondary creep strain-rate fa lls in the interval {E < E :::: E + dE}. The assumed hypothesis, as a satisfied (but not uni que ) physical interpretation of the decay process, leads to model the strain-rate E at the stress levei a * with a Weibull distribution (Fig. 6) .
This fam ily of distributions presents an immediate occurrence rate fu nction which increases ifthe va lue of E increases and tends to 00 if E ~ 00; this fact seems to respect the physical interpretation of the strain-rate behaviour previously commented.
It is fu rthermore interesting to evaluate the probability for the system ofreaching or exceeding a given strain-rate levei Ih over a stress history. This probability can be seen as the shadowed area above Ih as shown in Fig. 7 
2000, Garavaglia et a!. 2002 and Anzani et a!. 2003). This area can be calculated by using the survive function :SE (E, a *) = 1 -FE(E, a *) where F E(E, a *) is the cumulative distribution fu nction of the density choseno The calculation of :SE(E, a *)
is possible with the use of any kind of computer co de for numerical integration. For different strain-rate leveis Ih, the survive function has been eval uated for ali stress leveis a*.
The calculated values allow to plot an experimentai "fragility curve" connected to each chosen strainrate leveis (see Fig. 8 , § 4.1) (Bi nda et a!. 1999 and Garavag lia et a!. 2002). Since the experimentally measured strain-rates only refer to a discrete number of stress leveis, it would be quite convenient to have a suitable tool capable to predict, though in probabilistic terms, the system behavior at any stress leveI. Following this approach the deterioration process can be treated as a reliability problem (Me1chers 1987 , Evans 1992 . Indeed (Evans 1992 ) the reliability R(t) concerns the performance of a system over time and it is defined as the probability that the system does not fail during the time t. Here this definition is extended and R(a) is assumed as the probability that a system exceeds a given significant strain-rate I with a stress a. The random variable that is used to quantify reliability is 15" which is just the stress to exceed strain-rate I. Thus, from this point ofview, the reliability function is given by (Garavaglia et aI. 2002 , Bekker 1999 ,
where Fr;(a) is the distribution function for 15" and represents the theoretical modeling of the experimental fragility curves. In order to model the experimental fragility curves and to evaluate Fr;(a), a Weibull distribution has been chosen (Bekker, 1999 , Garavaglia et aI. 2002 , Anzani et aI. 2003 .
In fact, this distribution seems to be a good interpretation of the physical phenomenon: the larger is the stress levei , the higher is the probability that a criticai strain-rate I, connected with the creep phenomenon, will happen for a value included in the next (15" + d15") interval. Therefore, distributions with the function <fr.t;(a) increasing with a and tending to 00 as a -+ 00 are needed. AIso this time the Weibull distributions satisfy this requirement.
The fitting ofthe experimental fragility curves with the Weibull distribution has been made through a computer code involving the least squares method.
FRAGILITY CURVES FROM THE EXPERIMENTAL DATA
Fragility curve t: versus a applied to creep tests
As seen in § 3.1, Figure 6 shows the interpolation ofthe strain-rate vs. stress and the modeling offE(t:, a); on it, as possible criticai strain-rate values, three different Ih have been identified cOImected to the initiation ofthe secondary creep phase. In Figure 8 the experimental and theoretical fragility curves connected with these thresholds are reported. They describe the probability to exceed the criticai thresholds as a function of the reached stress levei a vo Ifapplied to real cases, this type ofprediction allows to evaluate, for instance, the results of a monitoring campaign on a massive historic building subjected to persistent load and to judge whether the creep strain indicates a criticai condition in term of safety assessment (see § 5). Of course, the precocious recognition of a criticai state will allow to design a strengthening intervention to prevent total or partial failure ofthe construction.
Comparison belween vertical and
horizontal slrain-rate Referring to a previous research that analyzed the experimental results obtained in the vertical direction (Anzani et aI. 2003) , possible criticai values of the vertical strain-rate, connected to the initiation of the secondary creep may also be indicated. Therefore, to compare the experimental results obtained in the horizontal and vertical directions, the presented approach has been applied to vertical and horizontal strain-rates using the same thresholds. In Figure 9 the experimentai and theoretical fragility curves connected with the previous thresholds are reported for the vertical strain-rates.
In Tables L and 2 a comparison between vertical and horizontaL strain-rate is reported.
Comparing these results it can be observed that always the exceedance of the chosen threshold strainrate is performed at a Lower stress LeveL in the case of horizontal strain. This is quite in a good agreement with the dilatant behaviour of ancient masonry when cr v (N/mm 2 ) Figure 10 . Experimental (j.) and theoretical (-) fragi lity curves.
approaching fai lure, as shown by Figure 2 , where the horizontal strain appears to be higher and developing at a higher rate than the vertical ones. This is also confirmed by Figures 4 and 5 where the crack pattern of two prisms at the end of the test is shown: having loaded the specimen vertically in compression, the cracks follow a mainly vertical path, therefore giving an apparent horizontal dilation. However, from a probabilistic point ofview caution must be offered to tails of distribution where usually not much data are present and where the prediction becomes critics.
Fragility curve s versus a applied to pseudo creep tests
AIso in the case of pseudo-creep tests, possible criticai strain-rate values, connected to the in itiation of the secondary creep phase, were found. In Figure 10 the experimental and theoretical fragi lity curves connected with the thresho ld Ih = 1.00e -005
are reported. Table 3 shows that for a a v equal to 4.22 N /mm 2 the 63% of population (samples) could be already fa iled. The same observation made in the previous paragraph can apply here. Figure 11 the experimental and theoretical fragi lity curves connected with the threshold I = 1.25e -005 are reported for both vertical (Fig. lIa) and horizontal (Fig. 11 b) strain-rates. Comparing these results with those reported in Tables 4 and 5 , a tendency similar to that shown by the creep test is confirmed, but here some additional comments have to be done. It can be observed that in the 10% ofthe cases the exceedance of the chosen threshold stra in-rate is performed at a lower stress levei in the case of vertical strain. On the contrary, at 63% and 90% of the cases the exceedance of the chosen threshold strain-rate is performed at a lower stress levei in the case of horizontal strain, exactly like in the creep test. In fact, at low stress values the material response is still visco-elastic, therefore the higher strain is shown in the loading direction. This was not evident in the case of creep tests because the load history of the different prisms was not the same and less regular data were available, therefore on a statistical basis the phenomenon was not evident. At higher stress levei, approaching failure, the tendency is inverted: the material response turns into visco-plasticity with visible crack appearance corresponding to dilatant behavior, as shown by Figure 3 , where at stress leveis higher than about 2.5 MPa the horizontal strain appears to be higher and developing at a higher rate than the vertical ones. Again, this is confirmed also by the crack patterns (Figures 4 and 5) .
.1 Comparison between vertical and horizontal strain-rate In
APPLICATION TO THE BELL TOWER OF MONZA
The proposed probabilistic approach has been applied for the first time to a real case trying to evaluate the results of the monitoring of a massive historie building subjected to persistent load. The Bell Tower of Monza, a XVI century structure built in solid brickwork masonry, had suffered major and diffused cracks due to high compression (Fig. 12) . After the constitution of a Technical Committee in 1976 the building, together with the Cathedral, was subjected to a systematic control, setting up 31 fixed basis, 7 of which on the Tower corresponding to the major cracks. The basis had a length of about 400 mm, and the measurements were taken, starting in January 1978, every month during the first three years and every three months subsequently. The instrument used was a millesimal deformometer. After the recorded
~("
West front
East front increase of the cracks aperture on the Tower and an anomalous geometry recorded on the Cathedral , in 1992 a new Committee was constituted by Politecnico di Milano, who installed a static control system, that included the continuation of the geometric evaluation of the cracks. Each of the previous base was substituted by a couple of new basis placed above and below the other ones, having a length of 200 mm, the readings being taken at the same periodicity. Considering the data collected until 1999 (Figure 13 ), the influence of thermal variation on the crack opening can c1early be observed. Nevertheless, trac ing a regression line between the data, a neat increase of the aperture in time is visible; in the case of the base shown in Figure 13 a rate of aperture of 6.48 micron/year can be measured until 1986 and a higher rate of 24.94 micron/year can be measured subsequently, clearly ind icating a worsening of the Tower static conditions. After the static survey, a consolidation intervention on the Tower was required, which is still in progresso In order to compare the rate of crack opening of the Tower with the strain rate measured in the laboratory, the monitoring readings were divided by the base length and the rate in Ilrn/mm over seconds was calculated. Relating this calculated rate with the values of the vertical stress, locally measured by flat jack tested at the same height ofthe crack monitoring, the fragility curves shown in Fig. 14 were built for the Tower cracks for two different thresholds 5. In this case the strainrate recorded is lower than the strain-rate obtained by creep and pseudo-creep laboratory tests.
Here the modeling appears an hazardous, but on the basis ofthe results obtained by laboratory tests it is possible to suppose the same di stribution (Weibull distribution) for modeling the probability of exceedance ofthe 5 thresholds chosen. Although two data are not sufficient to investigate the Weibull shape, however the results obtained look like an interesting example ofpossible application ofthe procedure at a real cases, whether more suitable data were available.
CONCLUSIONS
A probabilistic model has been applied to the study of the long term behaviour of masonry specimens subj ected in laboratory to creep and pseudo-creep.
The chosen model seems to appropriately interpret the experimental results also capturing the passage between visco-elastic and visco-plastic behaviour. An attempt of applying the procedure to the res ults of long term monitoring of displacements, particularly of crack opening, was carried out. The research will continue with the aim of providing a tool for preventing the masonry failure under particular states of stress.
